JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org.
b Dry mass c Phosphorus concentrations in soils and water supplied by R. Jones, Florida International University d Water depths at beginning of study in early April ployed. We included devices which sampled invertebrates from each of the marsh's sub-habitats: the benthic infauna, the epibenthic and epiphytic fauna, and the planktonic fauna. In addition, we employed both passive samplers (funnel traps and an artificial substrate) and active samplers (nets, enclosure traps, and a corer). We compared their measurements of variables most commonly measured by aquatic ecologists: invertebrate abundance, species richness, relative abundance, and taxonomic composition. In addition, we compared the precision with which each sampler estimated invertebrate abundance, and we estimated the labor costs associated with using each sampler.
Methods

Study area
We conducted our study in the marshes of the Florida Everglades, a widely known but littlestudied example of a vegetated wetland. The Everglades occupies a shallow limestone depression near sea level and historically received most of its water and nutrients from seasonal rainfall (Davis 1994). Oligotrophic waters, seasonal sheet flow, and a subtropical climate are thought to be responsible for the characteristic fauna and flora of the Everglades (Steward and Ornes 1975, Davis 1991) . Despite recent interest in the effects of altered hydroperiod and nutrient enrichment on the aquatic communities of the Everglades, only a few studies of aquatic invertebrates there have been published (e.g., Loftus et al. 1990, Rader and Richardson 1992 , Rader 1994 ). Therefore, an ancillary goal of our study was to present a preliminary description of the patterns of abundance and diversity of aquatic invertebrates in the marsh.
We chose for study an area in the southwest corner of Water Conservation Area 3B. The Everglades has several distinct vegetation associations, the most widespread being densely vegetated sawgrass marshes (Cladium jamaicense) and sparsely vegetated slough communities dominated by the emergent rush Eleocharis spp.
(spikerush), submerged Utricularia spp., and periphyton (Loveless 1959 
Sampling methods
Sweep net.-We used a conventional D-frame sweep net (mesh size = 1.2 mm, mouth area 690 cm2). We took one sweep of 0.5 m length at each sample station (a floating meter stick was used for reference), yielding an estimated volume filtered of 34,500 cm3 (assuming 100% sampling efficiency). In shallow-water conditions such as those experienced during this study, the net mouth spans most or all of the water column, and the net is used by bumping it horizontally along the bottom (Usinger 1956 , Macan 1977 , Chael et al. 1993 ), thereby sampling epibenthic as well as epiphytic invertebrates. Samples were taken to the laboratory, washed through a 0.5-mm sieve, and placed into a white enamel pan where live animals were manually separated from plant material. Animals were then preserved in 10% formalin for identification and enumerated under a dissecting scope in the laboratory.
Stovepipe.-The stovepipe sampler was a cylindrical enclosure trap 34 cm in diameter and 60 cm tall. Similar samplers are often used to sample benthic and littoral habitats (Merritt et al. 1984) and are sometimes called Wilding samplers (Wilding 1940) . Like the sweep net, this method samples epibenthic as well as epiphytic habitats. We used the stovepipe by quickly forcing it down through the vegetation to the marsh bottom and firmly seating it in the peat. We then removed material through the open top of the sampler by hand and by dipping with small nets (12 cm x 14 cm, 1.0-mm mesh). We standardized netting effort by having two people dip continuously for a total of 5 min. Animals were sorted and processed as described for the sweep net.
Throw trap.-The throw trap was a square cage (1 m on a side) open at the top and bottom, with 2 mm mesh enclosing the sides. The trap was thrown into the marsh, and the interior of the trap was then cleared with a 2-mm-mesh bar seine (Kushlan 1981 , Chick et al. 1992 ). The bar seine was a 1 m x 0.5 m rectangular frame with netting stretched across it. We seined until 2 consecutive hauls yielded no invertebrates, and then used 2 dip nets, with 5-mm and 1.2-mm mesh respectively, until 10 consecutive nettings yielded no invertebrates. Invertebrates (as well as fish) were hand picked from each bar seine haul or dip net sweep as it was taken, and were preserved in formalin for identification and enumeration.
Benthic corer.-We collected 1 sediment core from each sample station using a plexiglass corer 6.5 cm in diameter which was inserted 8 cm Plankton net.-We sampled planktonic fauna by dipping surface water from the marsh with 1-L beakers and pouring 20 L through a 0.153-mm-mesh net at each sample station. Samples were then filtered through a 0.153-mm screen and preserved in 10% formalin for laboratory identification and enumeration. The thick vegetation, shallow water, and extensive periphyton mats made it difficult to obtain samples free of benthic or epiphytic material, and we accidentally entrained large insects, oligochaetes, and gastropods that were obviously not planktonic; these taxa were excluded from our counts.
Analyses
We evaluated sampler efficacy from the number of animals captured, number of taxa represented, and the precision of abundance estimates. We also characterized the taxonomic composition of the animals sampled and their patterns of relative abundance. We considered the number of invertebrates per sample, rather than the number per standardized sample area or volume, because the effort associated with obtaining samples, as well as the power to make statistical inferences, is proportional to the number of samples taken, and not necessarily the size of the samples. We evaluated sampler precision by calculating the coefficient of variation (CV = (standard deviation / mean) x 100) for each sampler in each vegetation plot. Research on aquatic invertebrates has shown that sampling variance typically increases with the mean (Downing 1979, Downing and Downing 1992 ), so we used the CV instead of the standard deviation to compensate for unequal means among samplers. We chose the variable of total invertebrate abundance for evaluation of sampler precision; preliminary analyses showed that the CVs of the abundance estimates for individual taxa were correlated with those for total invertebrate abundance. We considered the number of invertebrates per sample and the precision of the abundance estimates in an initial screening of the 8 samplers, and 5 samplers were retained for further analyses.
We used 2-way ANOVA to test the hypotheses that the mean number of animals captured and the total number of species captured differed among samplers and vegetation types. Because the total number of species captured is a plot-level variable, no within-plot replication is present. We used Tukey's (HSD) test to make post-hoc comparisons of species richness.
Each sampler was used with equal effort in terms of the number of samples gathered, but the area sampled and number of individuals captured was not equal. Observed differences in total species richness may result from 1) differences in the number of animals collected, or 2) real differences in the species richness of the assemblage sampled (Sanders 1968 , Simberloff 1972 . To distinguish between these 2 possibilities, we standardized the species richness estimates to account for differential numbers of individuals (rarefaction). We pooled data from the 3 plots and estimated the number of species each sampler would recover if capture rates ranged from 0 to 500 organisms per sam-
pler (calculations performed by modified version of the FORTRAN program RAREFACT found in Krebs 1989).
We tested the hypothesis that these samplers differed in the equatability of species abundance estimates by calculating Simpson's index of diversity (SI) for each sampler in each vegetation type. Simpson's index is a non-parametric measure of equitability and provides an estimate of the probability that 2 randomly picked individuals will be different species. The index can range from 0 (low equitability) to near 1 (high equitability). We calculated Simpson's index for each sampler with the following formula developed for finite populations (Simpson 1949 Because we were interested in patterns of taxonomic composition and not patterns of abundance, we standardized the abundance of each taxon in a sample by the total number of animals in that sample. We then angularly transformed these relative abundances (Sokal and Rohlf 1981) and performed PCA on the transformed relative abundance matrix. We extracted 4 principal components and rotated them using the varimax technique (Stevens 1986 ). Each principal component can be conceptualized as describing a unique axis of variation in the patterns of relative abundance. We then tested the hypotheses that the catch of samplers differed in taxonomic composition, and that the invertebrate assemblages of the vegetation plots differed in taxonomic composition, by performing a 2-way multivariate analysis of variance (MANOVA) on the 4 principal components (5 samplers and 3 plots; n = 10 replicate collections for each sampler-plot combination). This overall test was followed by Tukey's (HSD) test to detect which samplers and vegetation plots differed. All analyses were done using the Statistical Analysis System (Release 6.09, SAS Institute Inc., Cary, North Carolina).
Developing an optimal sampling program demands consideration of the costs associated with collecting and processing each type of sample (Sheldon 1984 , Downing and Cyr 1985 , Brinkman and Duffy 1996 . The primary costs are the labor requirements, and we considered those associated with each sample method in terms of person-hours invested. For invertebrate sampling major requirements are time spent 1) collecting samples from the field, 2) sorting invertebrates from associated periphyton, vegetation, or sediments, and 3) identifying and counting the sorted samples. Because the time spent identifying and counting a sample is largely independent of the technique used to gather it (depending primarily on the number of animals in the sample), we shall not consider it further.
Collecting and sorting times were recorded for each sample as the work was performed.
Results
Invertebrate abundance
The first and most fundamental question associated with any sampler is "will it catch anything?" The number of animals captured depended both on the sampler used and on the vegetation type (Table 2; Table 2) .
The CV associated with estimates of invertebrate abundance in each plot ranged from 36% to 211% (Table 2) . The funnel trap, sweep net, throw trap, stovepipe, and Hester-Dendy artificial substrate had the lowest CVs, with overall values ranging from 43% to 108%. In addition to capturing the fewest number of invertebrates, the benthic corer, minnow trap, and plankton net also yielded the most variable estimates of invertebrate abundance, with overall CVs ranging from 112% to 211%. Because the benthic corer, minnow trap, and plankton net caught so few animals, and because their abundance estimates were relatively variable, the remaining analyses will focus on the funnel trap, sweep net, throw trap, stovepipe, and Hester-Dendy artificial substrate.
Species richness
Our study site yielded 114 taxa of invertebrates. The total number of taxa collected, however, depended on both the sampler used and the vegetation type sampled ( Fig. 1; 2- individuals, the rarefield estimates fall into 2 groups: the funnel trap, sweep net, and stovepipe sampler estimates were between 36 and 47 species, while the Hester-Dendy substrate and throw trap estimates were only 21 and 17 species, respectively (Fig. 2) .
Equitability of species abundances
The assemblage of invertebrates we sampled from Everglades marshes comprised a large number of species that were not equally abundant. We evaluated the contribution of rare taxa to overall catch in 2 ways. First, we plotted the relative abundance of the 25 most abundant invertebrate taxa in rank order for each sampler to illustrate the equitability of relative abundances (Fig. 3) . The pattern of relative abundances illustrated in Fig. 3 is one of the most repeatable patterns in community ecology (Krebs 1989 ), but Fig. 3 shows that the slope of the relationship depends on the method used to sample a community. The funnel trap, stovepipe, and sweep net yielded relative abundance patterns that appear to be more evenly distributed than the Hester-Dendy substrate and the throw trap (Fig. 3) .
The rank order of Simpson's index of equitability showed the same pattern as species richness (species richness shown in Fig. 1 wide variety of taxa also succeeded in capturing relatively more individuals from rare taxa.
Species composition
An examination of the 10 taxa most frequently captured by each sampler shows that each sampler yielded an unique taxonomic list (Table  3) . For several comparisons, pairs of samplers shared none of the most frequently encountered species (e.g., funnel trap versus throw trap; Hester-Dendy versus throw trap), and the other sampler comparisons showed that at most only 5 of the 10 most frequently captured species were shared by a pair of samplers (stovepipe and sweep net). Because each method was employed at the same locations, and in the same season, differences in invertebrate species composition among samplers suggests a pattern of consistent bias. While it is hardly surprising that a particular sampler selects for some taxa and against others, it is necessary to characterize the nature of this bias in order to allow sound interpretations of the data.
The taxonomic composition of the invertebrates captured by each sampler, as summarized by PCA, depended on both the sampler employed (MANOVA: Wilks' Lambda = 0.0009; p < 0.0001), and on the vegetation plot from which samples were gathered (MANOVA: Wilks' Lambda = 0.314; p < 0.0001). Most importantly, post-hoc comparisons (Tukey's HSD) show that each of the 5 samplers differed significantly (p < 0.0001) from the other samplers along at least 1 axis of variation, demonstrating that no 2 samplers gathered the same assemblage of invertebrates.
We illustrate the taxonomic array of invertebrates that is characteristic of each sampler by plotting principal components 1 through 4 in bivariate space and identifying the taxa most strongly associated with each principal component. PC 1 discriminated most strongly between the funnel trap and all other samplers (Fig. 4, funnel trap different from all other samplers at p < 0.0001, Tukey's test). Seven speces of Cladocera, Copepoda, and Ostracoda were strongly associated with PC 1 (strong association defined as correlation coefficient r > ?0.45). Thus, small crustaceans accounted for a much larger portion of the funnel trap samples than of the other 4 sample types (the 7 taxa associated with PC 1 have mean body lengths < 0.5 mm). The 2nd axis of variation is almost as strong: PC 2 discriminated strongly between the throw trap and the other 4 samplers (the throw trap was different from all other samplers at p < 0.0001, Tukey's test). Four taxa showed a strong positive association with PC 2: the grass shrimp Palaemonetes paludosus, the dragonfly Pachydiplax longipennis, the pulmonate snail Pseudosuccinea columella, and the damselfly Ischnura ramburii. These species are among the largest invertebrates of the Everglades, and may prove to be important grazers (shrimp and snails) and key predators (dragonflies and damselflies).
Principal components 3 and 4 also strongly discriminated among samplers (Fig. 5) . On PC 3, the stovepipe and sweep net are indistinguishable (Tukey's test, p > 0.25) but differ from the funnel trap, the Hester-Dendy artificial substrate, and the throw trap (Tukey's test, p < 0.0001). PC 3 is strongly and positively associated with 4 medium size invertebrates: the aquatic mite Limnesia sp., the larval dipteran Chironomus sp., the beetle Celina sp., and another mite, Oxus sp. These and other similar taxa composed most of the catch by the sweep net and stovepipe samplers (Table 3) 
Labor requirements
Samplers varied greatly in their labor requirements (Table 4) , reaffirming the importance of considering these costs. The throw trap required more field time per sample gathered than the other methods, but because animals were separated from associated plant material in the field, we spent no laboratory time on sorting ed to gathering data on plant abundance and composition within the enclosure. The stovepipe sampler and sweep net, in contrast, both required a considerable investment of laboratory time to sort small invertebrates from periphyton, plant material, and peat sediments (Table  4) Of the active samplers, we found that the sweep net and stovepipe collected the most diverse array of invertebrates, and they showed relatively little variability among samples. Their favorable sampling characteristics argue for their inclusion in a sampling program, but they collected similar assemblages of invertebrates, making the use of both samplers redundant and raising the question of which one to use. One might think that the stovepipe sampler, being a walled enclosure, would yield less variable abundance estimates than the unenclosed sweep net, but we found no support for this idea (Table 2) . To evaluate more carefully the sampling variability of the stovepipe and sweep net, we divided the invertebrates most commonly captured into 20 taxonomic groups and calculated the CV for each taxon in each set of replicate samples (20 taxa x 3 vegetation plots = 60 comparisons). The CV for the stovepipe sampler was higher than for the sweep net in 39 of 48 comparisons (12 of the 60 comparisons involved taxa with an abundance of zero). Clearly, the often cited concern that the sweep net is less "quantitative" than the stove pipe (e.g., Merritt et al. 1984 ) is not borne out by these data (given that "quantitative" can be equated with sampler precision). Our stovepipe sampler was inoperable in deep water (though a larger version could have been used) and required more time for sorting (Table 4 Lowe and Hunter 1988) . Therefore, any study purporting to assay invertebrate community structure must do an adequate job of sampling large, but relatively rare, invertebrate taxa. Because these macroinvertebrate taxa are relatively uncommon, precise estimates of their abundance requires sampling a relatively large area. Using large samplers, with large mesh sizes, is a cost effective means of achieving this goal.
A general result of our study is the observation that each method consistently collected different invertebrate taxa. The funnel trap tended to capture a wide array of small crustaceans, the stovepipe sampler and sweep net tended to capture an equally wide array of medium sized invertebrates, the throw trap catch consisted of a few taxa of large invertebrates, and the HesterDendy artificial substrate collected oligochaetes and nematodes. These differences reflect differences in sampler sizes, mesh sizes, sorting pro- may result in an incomplete description of a marsh's aquatic communities. For example, Rader and Richardson (1994) sampled invertebrates from slough habitats along a nutrient gradient in the northern Everglades because these habitats "are the centers of biological diversity in the Everglades". The data presented here, however, show that emergent vegetation (cattails and sawgrass) can contain higher densities of fish and invertebrates than spikerush sloughs. In a more extensive study, Jordan (1996) compared invertebrate abundances in the sloughs and sawgrass stands of the northern Everglades and found that macroinvertebrates (individuals of all taxa summed) were more abundant in sawgrass stands than in sloughs. Clearly, a comprehensive strategy of sampling each major vegetation association will yield the most reliable conclusions about the overall composition and abundance of a marsh's aquatic fauna.
